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A more direct method of local tissue V O 2 measurements in situ proposed by Kunze and Lubbers (32) was based on an analysis of the oxygen disappearance curve (ODC) in the tissue region after instant arrest of its perfusion with a hemoglobinfree solution. Under these conditions, V O 2 was calculated as the product of the initial rate of the PO 2 decrease and oxygen solubility in the tissue. The local ODC in this method was recorded using a polarographic cathode 0.2 mm in diameter. A combination of the polarographic ODC recording with instant circulatory arrest was successfully applied to V O 2 measurements in the heart (32), brain (15, 34, 40) , and carotid body (1, 55) . Independence of the ODC from hemoglobin-bound oxygen was achieved by perfusion of the tissue with hemoglobin free solutions (15, 32) or by keeping the tissue PO 2 well above 100 mmHg (34) . Intensive theoretical studies of the factors involved in the formation of the ODC were undertaken for situations independent and dependent on oxygen bound to hemoglobin (1, 10, 40, 42) .
The further development of ODC-based V O 2 measurements was complicated by substantial limitations of the microelectrode technique. The most accurate PO 2 measurements with a microelectrode require one with minimal oxygen consumption and low sensitivity to stirring (15, 32, 34, 55, 56) . However, the use of a microelectrode is incompatible with isolation of tissue from room air with a barrier film material. Inevitably, the superficial layers of tissue are contaminated by oxygen transmitted through the superfusion solution.
Progress in optical techniques for oxygen measurements (52, 53, 58) opened the opportunity for noninvasive registration of the ODC in a tissue, which is well isolated from atmospheric oxygen with a transparent gas barrier film or glass. Technical advances in the phosphorescence quenching method to oxygen measurements in microscopic volumes (46, 50, 51, 59) provided the necessary spatial and temporal resolution for measurements of PO 2 using phosphorescence quenching microscopy (PQM). In PQM the signal can be localized on the basis of the illuminated area, volume of probe distribution, and depth of penetration of the excitation light. In thin planar muscles used for bio-microscopic studies of the microcirculation, the size of the excitation light spot can be adjusted to select a volume of tissue for measuring the mean V O 2 using analysis of the ODC. The phosphorescent oxygen probe loaded into the interstitial space (47, 57) provides measurements of PO 2 values on the surface of muscle fibers during the perfusion and after the flow arrest in microvessels. However, interpretation of the ODC obtained with PQM in terms of V O 2 is complicated by the presence of hemoglobin in the red blood cells (RBCs) of the stopped blood. Reduction of the hemoglobin contribution to the ODC with hyperoxia and saline flush techniques (15, 32, 34) are too invasive and disturbing for microcirculatory experiments. We have developed the PQM technique for measurements of tissue V O 2 based on analysis of the ODC caused by the momentary compression of a tissue region with a pneumatic tool, invented in the late nineteenth century by Roy and Brown (44) . The rapid onset of pressure in the inflatable bag causes an immediate arrest of the circulation and extrusion of blood from most of the microvessels in the tissue under the microscope objective, which makes the recorded ODC practically independent from any contribution of hemoglobin.
In the phosphorescence quenching method absorption of the excitation light pulse by molecules of the phosphorescent probe generates excited triplet states. Quenching of these triplet states by oxygen gives rise to singlet oxygen that irreversibly reacts with nearby organic substrates (18, 29) . Thus a fraction of the dissolved oxygen in the illuminated tissue disk disappears during every excitation/emission cycle in a process called photoconsumption of oxygen. Continuous PO 2 measurements in tissue require repeating multiple excitation light pulses. The PO 2 drop caused by a series of flashes in the illuminated volume of fluid containing the phosphorescent probe accumulates, resulting in an underestimation of the measured PO 2 (21, 41, 53) . Photoactivated oxygen depletion by the method (autoconsumption) at a low flash rate is usually compensated by convective oxygen delivery in a well perfused tissue. However, this oxygen depletion poses a serious problem in the case of a limited external oxygen supply and high flash rate. This effect is more pronounced in avascular tissue regions (e.g., mesentery) or in a tissue without blood circulation. Compression of tissue with the application of external pressure stops the perfusion and removes blood from the excitation volume, so the autoconsumption adds to the apparent tissue PO 2 drop after flow arrest. This instrumental contribution must be accounted for to obtain the correct interpretation of the ODC. After correction for autoconsumption by PQM, an opportunity is opened to use brief tissue compression to measure the respiration rate of a tissue in situ.
METHODS
Principle of in situ measurement of V O2. The proposed technique is applicable to oxygen consumption measurements in thin planar muscles used in microcirculatory studies: spinotrapezius, cremaster, tenuissimus, etc. A muscle prepared for intravital microscopy is spread over a thermostabilized transparent pedestal of the animal stage of the microscope. The interstitial space of the tissue is then loaded with a phosphorescent probe and isolated from the air with a transparent gas barrier film. For oxygen measurements, epi-illumination with a brief light pulse is used to excite the probe inside the disk formed by the intersection of the tissue layer with the circular (for example) light beam. The interstitial space containing the phosphorescent probe inside the illuminated tissue disk is referred to as an excitation volume or reference volume. Continuous measurement requires illumination with a train of N excitation light pulses at a flash rate F. In this analysis, we will use flash number, n, as the independent variable instead of time. The first flash after the onset of tissue compression is denoted n ϭ 1, whereas n ϭ 0 denotes the steady-state tissue parameters before compression. The actual time points of ODC registration, t ϭ n/F, will be restored at the end of the ODC analysis.
Consider that the interstitial PO 2 inside the excitation volume under conditions of normal blood flow is PO2 ϭ P0 (typical ODC presented in the Fig. 1 ). The measuring procedure may distort the normal oxygen level when high oxygen consumption by a single excitation flash is combined with a high flash rate. The required autoconsumption rate can be set in experiments with nonrespiring tissue (see below) by adjusting the concentration of phosphorescent probe and the flash energy density. The allowable limits of the excitation flash rate in a perfused tissue can be estimated by using half of the intercapillary distance as a characteristic dimension for the recovery of the PO 2 disturbance caused by the excitation light pulses. The linear density of perfused capillaries in the spinotrapezius muscle is 31 mm Ϫ1 (13) , so that the spatial period of capillaries is 32 m. Accounting for the capillary diameter of 5.5 m (13), the distance in tissue from capillary wall to the midpoint between capillaries is x ϭ 13.5 m. Oxygen diffusivity in skeletal muscle is DO 2 ϭ 1.45·10 Ϫ5 cm 2 /s (35) . The time required for 90% restoration (14) of the disturbed PO2 at the midpoint can be estimated as T90 ϭ 0.54 x 2 /DO2 ϭ 0.067 s, corresponding to a maximal flash rate of 15 Hz. This estimation indicates that PO 2 measurements in the normally perfused spinotrapezius muscle at flash rates lower than 10 Hz are not affected by accumulated autoconsumption.
The rapid onset of high external pressure on a flat, thin muscle interrupts the circulation and extrudes blood from the vessels. This circumstance makes the ODC practically independent of hemoglobin. Beginning with the moment of flow arrest, PO 2 values (Pn) in the sampled tissue disk are measured with a sequence of excitation flashes (n ϭ 1ѧN) that form the ODC data set. The index n ϭ 0 is used for parameter values immediately before tissue compression. In the tissue outside the illuminated area the rate of PO 2 decrease is determined solely by tissue oxygen consumption dpn/dn ϭ ϪVn, where pn is the interstitial PO2 in the not illuminated tissue after the n-th excitation light pulse. The value of V0 determined at the beginning of tissue compression can be used to calculate tissue V O2 before the elevated pressure onset.
To obtain representative data on interstitial PO 2 the illuminated area needs to cover several muscle fibers so that R should be larger than about 100 m. Following the onset of tissue compression, autoconsumption in the illuminated tissue cannot be compensated for by oxygen inflow from capillaries. The limitations on the PO 2 measurements under this condition have been analyzed previously (21) . In the measurements aimed to determine the rate of oxygen disappearance, the accumulated autoconsumption of oxygen in a large excitation area is inevitable and must be accounted for.
The interstitial PO 2 measured inside an illuminated tissue disk (Pn) is jointly determined by tissue V O2, autoconsumption, and oxygen inflow from the surrounding tissue. Oxygen inflow to the disk is proportional to a boundary PO 2 difference (pn Ϫ Pn). We also assume that the O2 inflow does not affect the external PO2, since the tissue volume outside of the illuminated disk is much larger than the sampled volume inside it. Note that we do not attempt to describe the details of oxygen diffusion into the externally supplied cylinder, since this description can be found elsewhere (14) . Our purpose is to account for factors affecting the measurement of oxygen consumption in the tissue with PQM. The rate of PO 2 decrease inside the excitation volume is: Fig. 1 . Parameters of a typical oxygen disappearance curve (ODC). P0 is mean interstitial PO2 before muscle compression, Pn is PO2 after flash n, n is flash number (n ϭ 0 at the moment of the tissue compression), and dPn /dn determined at the beginning of the ODC is initial slope of the curve.
In this equation, P n is the measured PO2 after flash number n and dPn /dn is the rate of oxygen disappearance, determined as the initial slope of the ODC by linear fitting of the Pn curve or averaging the PO2 drop for a few initial data points. The autoconsumption coefficient K depends on the excitation energy density and probe concentration (11, 21, 38, 41) . If these parameters are the same in all measurements, then K remains constant. For reliable PO 2 measurements it is desirable to have KϽ0.01 and KP0 Ͻ ϽVn. The contribution of the oxygen inflow to the interstitial PO2 within the illuminated tissue disc decreases with an increase in its radius, so the inflow coefficient Z can be made relatively small (ZϽK). At the beginning of the ODC, when (p n Ϫ Pn) is small, if Z is also small, the product Z (pn Ϫ Pn), which represents the contribution of diffusive oxygen inflow for the determination of V 0, can be neglected and Eq. 1 can be simplified for practical purposes to:
Both terms in this equation can be obtained from an analysis of the experimental ODC, and V 0 can be converted to Vo2 using the factors of flash rate and oxygen solubility in the tissue (␣):
This result corresponds to the beginning of the ODC and V O2 in the tissue before compression and occlusion of microvessels.
Evaluation of the coefficients K and Z can be made from the ODC obtained in a nonrespiring oxygenated tissue sample under the same conditions as Po 2 measurements in vivo. In this case Vn ϭ 0 and the tissue outside the illuminated disk is saturated with O2 to the same steady PO2 level pn ϭ P0.
Eq. 1 for a nonrespiring tissue (V0 ϭ 0) can be written as:
Integration of Eq. 4 allows us to express the fitting model for an ODC recorded in nonrespiring tissue as:
In the presence of oxygen inflow into the disc, its average interstitial PO 2 never reaches zero, but instead approaches the asymptotic PO2 value (Pa) formed by the equilibrium between the processes of autoconsumption and oxygen inflow:
When oxygen inflow is negligible, as in the case of a large excitation area, the PO 2 finally approaches zero and Eq. 5 is transformed into:
The experimental ODC in nonrespiring tissue now can be fit with the proposed model and used for the estimation of the parameters K and Z. These coefficients can then be used for analysis of the experimental ODC data collected in situ in the living muscle, according to Eqs. 1-3. Experimental animals. All procedures were approved by the Virginia Commonwealth University Institutional Animal Care and Use Committee and are consistent with the National Institutes of Health guidelines for the humane treatment of laboratory animals, as well as the American Physiological Society's Guiding Principles in the Care and Use of Animals.
Female Sprague-Dawley rats (Harlan, Indianapolis, IN) were initially anesthetized with an intraperitoneal injection of a ketamine and acepromazine mixture (72 ketamine/3 acepromazine mg/kg). The trachea was cannulated with polyethylene tubing (PE 240) to maintain a patent airway. The jugular vein was cannulated with polyethylene tubing (PE 90) for continuous intravenous infusion of alfaxalonealfadolone (Saffan, Schering-Plough Animal Health, Welwyn Garden City, UK; ϳ0.1 mg·kg Ϫ1 ·min Ϫ1 ). The anesthetic rate was adjusted as needed to maintain a surgical plane of anesthesia, as evidenced by the absence of a toe pinch reflex and stable vital signs (heart rate, mean arterial pressure, and respiratory rate). Arterial pressure was measured continuously through a carotid catheter (MP-150; Biopac Systems, Goleta, CA). The same catheter was used for arterial blood sampling and blood gas analysis. Rectal temperature was maintained at ϳ37°C by a blanket system (Harvard Apparatus, Holliston, MA). Physiological parameters of animals are presented in the Table 1 .
Spinotrapezius muscle preparation. The spinotrapezius muscle was used for measurement of interstitial PO 2, and the surgical preparation was similar to the original description by Gray (26) . The muscle was moistened with a physiologic salt solution throughout the surgical procedure, and bleeding was controlled with the use of a cautery unit. This method of preparation leaves the supplying nerve and vasculature intact, and microvascular function is maintained (3). The spinotrapezius muscle was placed on a thermostabilized transillumination pedestal of the microscope platform (22) . The animal pad and organ pedestal temperatures were separately controlled by electronic heating units to maintain body and muscle temperatures at 37°C. The muscle tissue was covered with a gas barrier polyvinylidene chloride film (Dow Corning, Midland, MI) to prevent tissue contamination with atmospheric oxygen. To minimize the possibility of exposure of the preparation to the atmosphere a thin layer of vacuum grease was placed around the muscle to affix the plastic film to the pedestal.
Pneumatic tissue compression technique. An objective-mounted airbag connected with a custom-built pressure controller allowed momentary application of high pressure to the tissue (Fig. 2) . A pressure higher than systolic (130 -140 mmHg) rapidly stops blood flow and extrudes blood from most of the vessels in the thin spinotrapezius muscle preparation (20) . Pressure in the bag can be changed rapidly (Ͻ1 s) with a toggle valve to provide an opportunity to collect an ODC from the interstitial compartment and calculate V O2 as described above. The magnitude of the compressing pressure was adjusted using video monitoring of the flow arrest and blood extrusion from the microvessels caused by the onset of the pressure increase in the bag. A drop of lubricant was added between the airbag film and preparation barrier film to ensure ease of sliding when changing measurement sites.
PQM. The phosphorescence quenching instrument consists of an Axioplan-2 microscope (Zeiss, Germany) mounted together with other optical components on an optical breadboard (Edmund Optics, Barrington, NJ). The microscope was equipped with a video camera (KP-D20BU; Hitachi, Japan) and a custom-built photomultiplier unit. To avoid unnecessary excitation of the phosphorescent probe in the tissue, the colored glass long-pass filter OG 550 (Edmund Optics) was installed in the transillumination path used for imaging. Epi-illumination excitation was provided by a Q-switched 532-nm laser (Model LCS-DTL-112QT; Intelite, Minden, NV) that generated 15-ns light pulses at a rate of 1 Hz. The laser beam was expanded and its energy reduced to 0.5 J with a combination of neutral density filters and a rotary polarizer. The laser beam inside the microscope was directed by a dichroic mirror (565 DCLP; Chroma Technology, Rockingham, VT) through a 4X (NA ϭ 0.45) objective lens onto the tissue, where it formed an excitation spot 600 m in diameter (delivered energy density was 1.8 pJ/ m 2 ). Since the 532-nm excitation wavelength is on the shoulder of the Q-band absorption curve of the Pd-porphyrin phosphor, the excitation beam penetrated through the spinotrapezius muscle (300 -500 m). Phosphorescence emission was collected by the objective and detected by a photomultiplier tube (PMT, Model R3896 with high voltage socket HC123-01; Hamamatsu, Bridgewater, NJ). A barrier filter (reflecting interference cut-on 650 nm; Thermo Oriel, Stratford, CT) was located in front of the PMT to allow imaging with a video camera, which was mounted on another optical port. The PMT signal was directed to a transimpedance amplifier with a 5-s gating time interval, blocking the excitation light pulse and fast autofluorescence artifacts. Phosphorescence decay curves (400 data points per curve) were digitized at a sampling rate of 100 kHz with a 12-bit analog-to-digital converter (Model PC-MIO-16E-4; National Instruments, Austin, TX). The acquisition and analysis of phosphorescence decay curves was performed with custom software written in LabVIEW (National Instruments, Austin, TX). All experiments were performed in a dark room.
Oxygen probe preparation and administration. The phosphorescent probe, palladium meso-tetra-(4-carboxyphenyl)-porphyrin (Pd-MTCPP) obtained from Oxygen Enterprises (Philadelphia, PA), was conjugated with BSA as proposed by Vanderkooi et al. (20, 53, 58) . The probe solution (ϳ10 mg/ml in PBS) was delivered to the interstitial space via topical application to the surface of the spinotrapezius muscle for 30 min (20) . This method of administration provides deep penetration of the probe into the muscle throughout the interstitial fluid and results in the absence of a phosphorescence signal arising from the intravascular and intracellular compartments.
Localization of the phosphorescent probe in the muscle. Since the Pd-MTCPP probe is bound to albumin, it was expected to remain in the interstitial space. The large molecular weight of the albuminbound molecule would prevent it from entering cells, and the hydrostatic pressure within the blood vessels would prevent it from entering the vasculature. To determine the distribution of the phosphorescent probe after it was applied to the muscle, the spinotrapezius muscle was removed and frozen in embedding medium (Tissue-Tek II; Lab-Tek Products, Naperville, IL). Cross-section slices (10 m thick) were mounted on microscope slides, epi-illuminated with the excitation light, and phosphorescent microscopic images were obtained. The phosphorescence image (Fig. 3) was obtained with the same Pd-MTCPP filter set, captured with a digital camera (Coolsnap cf; Photometrics, Tucson, AZ), and then processed using IPLab software (v 3.61, Scanalytics; BD Biosciences, Rockville, MD).
Phosphorescence decay analysis. A nonlinear fitting procedure (Levenberg-Marquardt) for the individual phosphorescence decay curves was based on the rectangular PO 2 distribution model (23):
where t (in s) is the time from the beginning of the phosphorescence decay, It (in volt) is the phosphorescence decay curve, I0 (in volt) is the magnitude of the phosphorescence signal at t ϭ 0, M (in mmHg) is the mean PO 2 in the volume of detection, ␦ (in mmHg) is the half-width of the PO2 distribution, and B (in volt) is the baseline offset of the amplifier. The values of the constants for Pd-MTCPP are K0 ϭ 18.3·10 Ϫ4 s Ϫ1 and Kq ϭ 3.06·10 Ϫ4 s Ϫ1 mmHg Ϫ1 . Experimental protocol. Circular regions of muscle of radius R ϭ 300 m containing no large microvessels were selected for V O2 measurements. The PO2 was sampled every second during 200 s of data collection (Fig. 4) . During the first 30 s the interstitial PO2 at normal tissue perfusion was recorded. Pressure in the airbag was set to 130 -140 mmHg for 90 s and then released for the next 80 s. It took several minutes to prepare for measurements at a new site, and measurements were repeated from 5 to 11 times in different regions of the same muscle.
Experimental determination of K and Z. At the end of an experiment the spinotrapezius muscle, in which the interstitium was loaded with the oxygen probe, was dissected, wrapped in Saran film, frozen and thawed for cell destruction, and left at room temperature in the dark for autolysis. A drop of kanamycin solution (1 mg/ml) was topically applied to the surface of the tissue sample. The next day (18 h later) the dead, nonrespiring tissue was exposed to air in a humid environment for 15-30 min, then wrapped again with Saran film, and left on the thermostated platform of the microscope for warming and PO 2 equilibration through the tissue volume. Measurement conditions were the same as in the experiments to measure V O2, except the time of measurement that was extended from 200 to 1,000 s (Fig. 4) . The parameters K and Z were obtained by fitting the PO 2 data in a nonrespiring muscle to Eq. 5.
Calculation of the mass-specific V O2 in skeletal muscle. For each experimental ODC, the mean V O 2 before compression onset (P0) and the initial slope of the ODC were calculated. A linear region of the curve was chosen, where there is a continuous decline typically consisting of 10 points, to determine dP n/dt (in mmHg/s). In this work the flash rate was 1 Hz, so t(s) ϭ n. Preliminary estimated coefficients K and Z were used to calculate V 0 according to Eqs. 1 and 2. V O2 at the moment of flow arrest was then calculated according to Eq. 3, where the solubility of O 2 in muscle tissue ␣ ϭ 0.0296 ml O2/ (cm 3 ·atm) ϭ 39 nl O2/(cm 3 mmHg) was taken from (35) . Statistics. The Levenberg-Marquardt algorithm was used for automatic fitting of multiple phosphorescence decays (Eq. 8) with the program written in LabView (National Instruments, Austin, TX). Statistical calculations and parameter fitting were also made using the Origin 7.0. All data presented are means Ϯ SE (number of measurements).
RESULTS
The systemic parameters of the experimental animals are presented in Table 1 .
Localization of the phosphorescent probe. Distribution of the Pd-MTCPP across the spinotrapezius muscle is presented in Fig. 3 . The thickness of the muscle measured in this section was 522 Ϯ 6 (10) m. With the use of the published evaluation of albumin diffusivity in rat diaphragm [9·10 Ϫ8 cm 2 /s; (39)], the characteristic time for diffusion of the probe in the midplane of the muscle can be calculated as 1 h. However, phosphorescence imaging of the spinotrapezius muscle crosssectional slices showed that the oxygen probe was distributed throughout the interstitial space of the entire muscle after only 30 min of loading on both sides. The phosphorescent image of the histological section (Fig. 3) is inverted, so that the darkest regions correspond to higher probe concentration. This image and the photometric scan in Fig. 3 demonstrate localization of the probe in the extracellular space with no evidence of its infiltration into the myocytes. This finding demonstrates the unique opportunity to measure PO 2 in the interstitial fluid that contacts the surface of the muscle fibers.
Autoconsumption of oxygen and oxygen inflow.
ODCs in the nonrespiring spinotrapezius muscle were used to estimate the coefficients of autoconsumption and oxygen inflow in the excitation volume. An example of an ODC containing 1,000 consecutive PO 2 measurements is presented in Fig. 4 . The time course of oxygen disappearance is in good agreement with our prediction (Eqs. [4] [5] [6] . The nonlinear curve fitting of the ODC using Eq. 5 demonstrates the validity of the proposed model and its basic assumptions. Parameters of the oxygen autoconsumption and oxygen inflow in the excitation tissue disc of radius R ϭ 300 m in the spinotrapezius muscle are shown in Table 2 . Due to combining the large excitation and detection area with both low flash energy and flash rate, the effect of autoconsumption is moderate. The impact of autoconsumption on the PO 2 measurements at a 1-Hz flash rate in perfused tissue can certainly be ignored (only 0.4% of P 0 ). However, the effect of accumulated oxygen autoconsumption on the ODC may be substantial in the muscle when flow is stopped and blood is extruded from the microvessels. The coefficient of oxygen inflow, Z Ͻ K, and the effect of inflow on the initial slope of the ODC may be ignored in this situation. The coefficients K and Z estimated in the in vitro test are employed in the analysis of the ODC in living muscle according to Eqs. 1-3. Specific oxygen consumption by the spinotrapezius muscle. Oxygen disappearance curves were acquired in 38 regions of six spinotrapezius muscles (5-11 regions per each muscle). One of the PO 2 time courses recorded before, during, and after a 2-min compression period of the spinotrapezius muscle is presented in Fig. 5 . Video recordings confirmed the rapid and effective blood extrusion from the microvessels in the area of observation and measurements. We have observed that after Values are means Ϯ SE (number of animals). Fig. 3 . Top: inverted image of the phosphorescence intensity in the cross section of the rat spinotrapezius muscle loaded with palladium meso-tetra-(4-carboxyphenyl)-porphyrin (Pd-MTCCP) ϩ BSA conjugate. Bottom: corresponding profile of the phosphorescence intensity across the muscle section indicates the deep penetration and interstitial localization of the phosphorescent oxygen probe, directly administered to the muscle surface. AU, arbitrary units. the onset of pressure in the bag, plasma flow lasts a short time after the phase of blood extrusion. Thus erythrocytes are washed out of most of the capillaries, thereby reducing the impact of hemoglobin on the ODC. The analysis of experimental ODCs was performed with the consideration of oxygen autoconsumption according to Eqs. 1-3. The initial part of the ODCs (30 -50% of P 0 ) was found to be practically linear, indicating a constant and PO 2 -independent respiration rate at high PO 2 . This property significantly improved the accuracy of the initial slope determination by fitting the linear segment of an ODC. Results of the measurements are presented in Table 3 . Interstitial PO 2 in the studied regions of muscles was 50.8 mmHg, initial slope of ODC was 3.37 mmHg/s, and 6.1% of this slope was due to oxygen autoconsumption. The contribution of oxygen inflow to the initial slope was 0.15% and can be neglected. The component of the ODC due to the rate of tissue respiration was 3.16 mmHg/s, which was converted into V O 2 ϭ 123.4 nl O 2 /cm 3 ·s or 0.74 ml O 2 /100 cm 3 min. The distributions of V O 2 and interstitial PO 2 are presented in Fig. 6 . No significant correlation between these two parameters for 38 data pairs was found, indicating the relative independence of the respiration rate at baseline PO 2 level in resting muscle.
DISCUSSION
The phosphorescence quenching method applied to a continuous record of interstitial PO 2 in rapidly compressed tissue provides a modern approach to the classical evaluation of in situ V O 2 by an analysis of the ODC. This new embodiment of the ODC technique is independent of ambient oxygen, motion artifacts, and the influence of hemoglobin. Localization of the phosphorescence signal and the size of the reference volume of tissue can be controlled by setting the size of excitation and detection areas and also by the route of administration of the oxygen probe. The possibility to collect and average the signal from a much larger tissue volume than can be done using microelectrodes reduces the heterogeneity of the measurements and improves the overall quality of the signal and accuracy of the measurements. In contrast with the microelectrode technique, the size of the region of measurements can be adjusted to the requirements of the study. The optical technique of PO 2 measurement is noninvasive, allowing for reliable isolation of the tissue from stray oxygen using a gas barrier film. Thus the interstitial PO 2 and V O 2 are independent from the influence of a superfusion solution. Direct loading of the probe into the interstitial space of the tissue (20, 47, 57) provides the most certain localization of the PO 2 measurements in the interface between the oxygen-delivering and oxygen-consuming compartments of tissue, right on the surface of the muscle fibers.
The method of pneumatic tissue compression for the manipulation of extravascular pressure was invented in the nineteenth century by Roy and Brown (44) . We modified this technique to provide a rapid and nontraumatic flow arrest and blood extrusion from microvessels in the region of tissue under study. Release of the compression pressure in the airbag immediately restores normal perfusion of the tissue. Since measurement of the V O 2 requires only a record of the initial slope of the ODC, brief periods of compression may be periodically applied for monitoring V O 2 during an experiment, using electro-pneumatic regulators.
The employment of a large excitation area for the PO 2 measurements allowed the use of individual phosphorescence decay curves for analysis of PO 2 at a relatively low level of excitation and autoconsumption. However, the contributions of Values are means Ϯ SE (number of measurements). dP/dt, change in oxygen pressure (PO2) over time. Table 3 . No significant correlation between V O2 and baseline PO2 was found for 38 measured data pairs.
autoconsumption and oxygen inflow must be accounted for in the analysis of the ODC. We developed a method to estimate empirically the coefficients of autoconsumption and oxygen inflow (Eq. 5) in a nonrespiring muscle sample, harvested after the termination of an experiment. We halted tissue respiration by freezing and thawing the sample, combined with natural tissue autolysis. In the case of application of chemical blockers to prevent tissue respiration, measures were taken to prevent probe washout from the tissue sample. The consistency between the experimental ODC in nonrespiring tissue and the fitting model (see Eq. 5 and Fig. 4 ) supports the validity of assumptions made in the formulation of Eq. 1. The impact of autoconsumption on baseline PO 2 was small (0.2 mmHg/flash; Table 3 ) and cannot be accumulated in normally perfused muscle at a 1-Hz flash rate. However, in compressed tissue the contribution of autoconsumption to the ODC cannot be ignored, so we used the term KP n to correct the linear segment of the ODC used for the evaluation of V 0 . The inflow coefficient Z was found to be about one-third of K and can be even smaller with an increase in the radius of the excitation region or flash rate. The coefficient Z can also serve as an indicator for the contribution of hemoglobin from residual blood in the compressed tissue. Results of in vitro tests indicated that the inflow term in Eq. 1 can be omitted in calculations of V 0 since it was a product of the small coefficient Z and the small PO 2 difference across the border of illuminated tissue disk. After 10 flashes the PO 2 difference is smaller than 2 mmHg and the value of the inflow term is about 0.003 mmHg/flash. As we reported earlier, in large excitation area instruments the inflow of oxygen is insignificant and autoconsumption of oxygen is a dominating artifact that cannot be neglected (21) .
An important component of the proposed method is the unification of the pressure manipulator and the objective lens that provides video monitoring of blood discharge from the microvasculature in the region of measurement. This feature limits the scope of the method to thin organs available for bio-microscopy using transmitted light. In our experiments, there was a complete extrusion of RBCs from arterioles and venules, and single RBCs were observed in the capillaries. In this regard it is useful to estimate the worst case, maximum effect on the measurement results of blood that remained in the capillaries. For this estimation we will use data on the spinotrapezius muscle microcirculation in adult rats: capillary density, 401 2 , so that the total area occupied by perfused capillaries in the muscle cross section is 4,314 m 2 /mm 2 . Thus perfused capillaries occupy 0.43% of total tissue volume in the muscle. The Hb content is 7.04 g/100 ml in all capillary blood and at 51 mmHg and 75% oxygen saturation the oxygen content is 7.08 ml O 2 /100 ml of blood or 0.03 ml O 2 /100 cm 3 of tissue. The amount of dissolved oxygen in the muscle tissue at PO 2 ϭ 51 mmHg is 0.199 ml O 2 /100 cm 3 , so the Hb-bound oxygen comprises ϳ15% of the total amount of oxygen in the muscle, in the case that all the blood remains arrested in the capillaries. When the removal of blood is not complete, this contribution may produce a systematic error in the V O 2 measurements.
Tissue PO 2 in resting skeletal muscles of small mammals has been measured by polarographic and phosphorescence quenching techniques (Table 4 ). Significant PO 2 gradients in the microcirculation create heterogeneity in PO 2 between microvessels and mitochondria, and PO 2 measured in tissue is strongly dependent on localization of the oxygen signal. The catchment volume of a microelectrode may include contributions from microvessels, interstitial fluid, and parenchymal cells, with the parenchyma having the lowest PO 2 and dominant higher volume. The opposite bias occurs in PQM measurements when the probe is injected into bloodstream and then extravasates, thus reporting the intravascular and interstitial (Table 5) . We found that local V O 2 and PO 2 values in resting muscle are heterogeneous, and no significant correlation was revealed between V O 2 and baseline PO 2 . This correlation may be found in the case of continuous measurements of these two parameters during the PO 2 decrease recorded at the same tissue site.
Conclusion
We have developed a microscopic technique combining phosphorescence quenching oximetry and pneumatic tissue compression to obtain oxygen disappearance curves, practically independent of hemoglobin. This method allows immediate and continuous measurements of oxygen tension and oxygen consumption rate in situ in skeletal muscle and other tissues accessible to study using PQM. The method is nontraumatic and allows for good isolation of the tissue from stray oxygen using a gas barrier film. Tissue respirometry can be repeated in different regions of the same muscle during rest or in experiments, which affect the respiration rate.
